The influence of the laser temporal contrast on the high-order harmonic generation from intense laser interactions with solid-density plasma surfaces is experimentally studied. A switchable plasma mirror system is set up to improve the contrast by two orders of magnitude at 10 ps prior to the main peak. By using the plasma mirror and tuning the prepulse, the dependence of HOHG on laser contrast is investigated. Harmonics up to the 21 st order via the mechanism of coherent wake emission are observed only when the targets are irradiated by high contrast laser pulses by applying the plasma mirror.
High-order harmonic generation (HOHG) from the interactions of relativistically intense laser pulses with solid-density plasma surfaces has been demonstrated as a promising bright coherent x-ray source in the last decade. In contrast with the harmonic generation from laser-gas interactions, whose pulse intensities are limited by gas ionization threshold and poor phase matching at laser intensities beyond 10 15 W/cm 2 [1] [2] [3] [4] , the HOHG from solid targets has no limitation on laser intensities, so it can reach much higher pulse intensities to improve the conversion efficiency. Recently it is further extended to the generation of intense isolated attosecond pulses [5, 6] with near diffraction-limited spatial beam quality [7] , which can be regarded as a powerful tool for diagnosing the properties of plasmas [8, 9] and imaging science [10, 11] . Since HOHG from solid targets was observed with CO 2 laser for the first time by Carman et al. in 1981 [12] , it has been extensively investigated both experimentally [13] [14] [15] [16] and theoretically [17] [18] [19] [20] [21] [22] . Until now, there are two well recognized mechanisms of HOHG from plasma surfaces distinguished by the laser intensities, coherent wake emission (CWE) [17] [18] [19] and relativistically oscillating mirror (ROM) [20] [21] [22] . Harmonics of the CWE dominate the emission at moderate laser intensities a < 1, where = e ⁄ mω c is the normalized vector potential, e and m are the electron charge and mass, E and ω are the amplitude and frequency of laser electric field, c is the light velocity in vacuum. The Brunel electrons [23] are pulled out and pushed back into overdense plasmas periodically by the driven laser and excite plasma oscillations. These oscillations coherently emit harmonics in the specular direction of the incident laser. In the CWE mechanism, the highest harmonic order H is restricted by the maximum electron density of the plasma n max with H = n n ⁄ , where n c is the critical density. For the 800 nm laser, the H max with different targets of CH (n max = 225n c ) , fused silica (n max = 400n c ) and aluminum (n max = 441n c ) are 15, 20 and 21, respectively. At the relativistic laser intensities (a 0 1) , the ROM mechanism dominates the radiation. In the ROM mechanism, the surface of the overdense plasma is driven to oscillate with moving velocity ν ≈ c as a plasma mirror. When the incident laser is reflected by this relativistically oscillating surface, harmonics are generated due to the Doppler shift effect. Baeva et al. [22] showed that the harmonics have a spectrum with a roll off as I H =H ⁄ , where I H and H are the intensity and the order of a given harmonic. The harmonic spectrum extends to the cut-off order H max ~ 8 ⁄ γ , where γ is the maximal γ factor of the plasma surface, determined by the laser intensities.
Both in the CWE and the ROM processes, a very steep density gradient at plasma-vacuum interface is needed for the efficient harmonic generation. The density profile at the plasma surface of a solid target depends on the laser intensities and temporal contrast, so the temporal contrast of the incident laser pulse plays a crucial role in the HOHG. In this paper, the influence of the driven laser contrast on the HOHG by CWE mechanism is investigated experimentally by using a plasma mirror system to modify the laser contrast.
The experiment was carried out using the 200 TW Ti:sapphire laser system at the Laboratory for Laser Plasmas in Shanghai Jiao Tong University. The laser system can deliver laser pulses at 800 nm with energies on the target up to 5 J, pulse durations (full width at half maximum, FWHM) of 25 fs and repetition rates of 10 Hz. The sketch of experimental setup for the HOHG measurement is presented in Fig. 1 . The laser beam with energy of 1.7 J was used in the experiment and focused by an F/4 off-axis parabolic (OAP) mirror at an incidence angle of 15° to the target normal. The focal spot diameter was 6 μm (FWHM) with 25 % energy enclosed, giving a calculated peak intensity of 6 × 10 W cm ⁄ . Polished fused silica plates with surface flatness of λ/8 at 632.8 nm were used as targets. The high-order harmonic radiations generated at specular direction were collected by a gold toroidal mirror (f=490 mm) to the entrance slit of a flat-field spectrometer (HORIBA JOBIN YVON, TGS300) . The spectrometer consisted of a gold coated toroidal grating and a back-illuminated x-ray charge coupled device (CCD) camera (Andor, Newton 940) . An Al filter between the slit and the grating was used to block the reflected laser beam and transmit the harmonics in the spectral range from 17.1 nm to 80 nm. The HOHG process is very sensitive to the plasma density gradient at the plasma surface, which is created by the amplified spontaneous emission (ASE) and leading edge of the laser pulse. Therefore, high contrast laser pulses are preferred for the HOHG. A single plasma mirror (PM) system had been set up to enhance the laser temporal contrast. The schematic of the PM system and the measured ASE contrasts are shown in Fig. 2 . As shown in Fig. 2 (a) , the p-polarized laser pulse was focused by an F/10 off-axis parabolic (OAP 1) mirror at an incidence angle of 10° onto an anti-reflection coated fused silica glass. The silica glass was mounted on a three dimensional motorized stage, so it can provide a flesh surface for each shot. The laser intensity on the PM was properly set so that the ASE was low enough to transmit through the PM, while the leading edge of the main pulse was intense enough to ionize the PM, which could reflect the main pulse as a mirror. The reflected pulse was re-collimated by another identical off-axis parabolic (OAP 2) mirror, which was further reflected by a reflective mirror 1 (RM 1) to the target chamber. The reflective mirror 2 (RM 2) could be moved into the beam path to bypass the PM system, providing laser pulses with lower contrast. The picosecond ASE contrasts were measured with a commercial third-order cross-correlator (Sequoia, Amplitude Technologies). Figure 2 (b) depicts the ASE contrasts measured with and without the PM. It is shown that the contrast at 10 ps prior to the main peak is improved 100 fold from ~10 -8 to ~10 -10 when the PM is used. The focused laser intensity on target decreases to 3.5 × 10 W cm ⁄ , when the PM reflectivity of 58 % is taken into account. The bottom panel in Fig. 1 shows a typical raw spectrum image of harmonics obtained by a single shot when the PM is used. The intensities of harmonics from 13 rd to 21 st strongly saturate the CCD camera due to a very thin Al filter with thickness of 250 nm is used for this shot, but no harmonic with order higher than 21 st is observed. This is the characteristics of the harmonics generated by the CWE mechanism, whose highest harmonic order is limited by the maximum plasma density. In order to obtain the unsaturated spectra of harmonics, another piece of Al filter with thickness of 1.5 μm was put in the spectrometer to attenuate the intensities on the CCD. The spectra obtained with and without PM are compared in Fig. 3 . In Fig. 3(a) , discrete harmonics from 17 th to 21 st orders and Al L absorption edge at 17.1 nm are clearly observed when PM is used. Figure  3 (b) shows a spectrum obtained when the PM is not used by moving in RM 2 to bypass the PM. No harmonic but only plasma emission is obtained when PM is not used. The first, second and third order diffractions of Al L absorption edge can be seen clearly corresponding to the wavelength of 17.1 nm, 34.2 nm and 51.3 nm, respectively. The normalized intensities of the spectra in Fig. 3 are calculated by taking into account the reflectance of the toroidal mirror and the grating, the transmittance of the Al filters and the quantum efficiency of the CCD camera. In the experiment, no harmonic with order over CWE cutoff at 21 st is observed. There are three possible reasons for the ROM harmonics not generated, including the intensities, the temporal contrast and the incidence angle of the laser. First, the normalized vector potential a is the key parameter determining whether the harmonics are generated by the CWE or the ROM mechanism. The CWE harmonics dominate the radiation of non-relativistic laser intensities with a < 1 , while the ROM harmonics dominate the radiation of relativistic laser intensities with a ≥ 1 . However, the peak laser intensity when the PM is used in the experiment is 3.5 × 10 W cm ⁄ with corresponding a = 4 , which is beyond the relativistic intensity threshold. Second, it is verified both by numerical simulations [17, 24] and experiments [25, 26] that there is an optimum plasma scale length range L for the CWE or the ROM harmonic generation. When the plasma density is steplike L~0, both the CWE and the ROM could not be efficiently excited. The ROM requires a low density plasma at the plasma surface with 0.1 λ < < λ . On the other hand, the CWE requires much steeper plasma with 0 < < 0.1 λ . In order to change L, we introduce a prepulse with pulse duration (FWHM) of 50 fs and intensity of 2 × 10 W cm ⁄ . L could be continuously tuned by varying the relative delay between the prepulse and the driven pulse from -33 ps to 3 ps. No ROM harmonic is observed, while the CWE harmonic intensities are found to decrease with increasing the delay until they disappear after delay of -12.33 ps. We use the hydrodynamic code MULTI to estimate L at different prepulse delay. The experimental data of 18 th harmonic intensities dependence on L are presented in Fig. 4(a) . 2D particle-in-cell (PIC) simulations are also performed to obtain the HHG spectra with three typical L as shown in Fig. 4(b-d) , where a p-polarized laser field with intensity of 3.5×10
19 W/cm 2 (a 0 =4) impinges an overdense plasma with maximum plasma electron density 400n c with an incidence angle of 15°. From the simulation results, it can be clearly seen in Fig. 4(b) that the harmonic generation is not efficient for = 0.001 λ . The harmonic intensities are enhanced dramatically up to = 0.1 λ in Fig.  4(c) . However, if the scale length is further increased to = 0.8 λ , no harmonics but only plasma emission could be seen in Fig. 4(d) . In CWE mechanism, the wakefield cannot radiate efficiently if the plasma gradient is very steep (L~0) [17, 24, 27] . On the other hand, the Brunel electrons which excite wakefield inside the plasma, cannot be generated if preplama is too long [24, 27] . Harmonic generation efficiency first increases very fast and then decreases slowly when L is increased, which agrees with the simulation results shown in Fig. 4(b-d) . In experiments, the laser leading edge always produces preplasma before the laser peak arriving at the target surface. Harmonic intensities show a monotonic decrease with the increase of L as shown in Fig 4(a) . According to the above discussion, the laser intensities and contrast are ruled out for no ROM harmonic generation of our experiment. Finally, it is shown in Ref. 27 that the efficiency of HOHG reaches its maximum at optimal incident angle of 55°. In our experiment, the incidence angle of the laser is 15°, which is much smaller than the optimal angle of 55°. In the future, we will increase the incidence angle to investigate its impact on the HOHG.
In summary, we find that in our experiment the temporal contrast of the incident laser is crucial for HOHG from plasma surfaces. A PM system is used to improve the ASE contrast of the laser by two orders of magnitude from ~10 -8 to ~10 -10 at 10 ps prior to the main peak. The harmonics up to the 21 st order are observed from the solid plasma surface of the plain glass when the PM system is adopted, which is generated by the CWE mechanism. No harmonic except plasma emission is obtained when the PM system is not used. 
